Abstract-Microelectromechanical systems (MEMS) represents a technology that integrates miniaturized mechanical and electromechanical components (i.e., sensors and actuators) that are made using microfabrication techniques. MEMS devices have become an essential component in a wide range of applications, ranging from medical and military to consumer electronics. As MEMS technology is implemented in a growing range of areas, the reliability of MEMS devices is a concern. Understanding the failure mechanisms is a prerequisite for quantifying and improving the reliability of MEMS devices. This paper reviews the common failure mechanisms in MEMS, including mechanical fracture, fatigue, creep, stiction, wear, electrical short and open, contamination, their effects on devices' performance, inspection techniques, and approaches to mitigate those failures through structure optimization and material selection.
MEMS Reliability Review I. INTRODUCTION

M ICROELECTROMECHANICAL SYSTEMS (MEMS)
are expected to penetrate consumer markets in a vast number of areas including accelerometers, gyroscopes, pressure sensors, resonators, relays, switches, and micro pumps and valves. MEMS are attractive because of their high throughput, cost efficiency, small size, and high integration capability with electric circuits. They have also found potential applications in RF/microwave, optical communication, energy scavenging, and bio-medical areas. Texas Instruments' Digital Micromirror Device (DMD) for digital projectors [1] , Analog Device's accelerometer for airbag deployment [2] , STMicroelectronics' gyroscopes in iPhones, and MEMS printer heads for inkjet printers are only a few examples of commercial uses of MEMS technology.
Even though numerous MEMS designs and product concepts are proposed each year, only a small number have actually succeeded in penetrating the market. One of the major challenges for the commercialization of MEMS technology is the lack of proper understanding of MEMS reliability. To understand MEMS reliability issues, potential failure mechanisms must be determined and understood for anticipated usage conditions.
The following list summarizes the common failure mechanisms of MEMS devices and their root causes. Each failure mechanism will be discussed individually in the subsequent sections.
• Mechanical Fracture 
II. MECHANICAL FRACTURE
Mechanical fracture is the local separation of an object or material into two or more pieces under the action of stress. In MEMS devices that contain movable structures, including accelerometers, gyroscopes, and micromirrors, fracture can result from various causes: mechanical shock and overload [3] , corrosion [4] , stress corrosion cracking (SCC) [5] - [8] , and material fatigue [9] . An example of a fractured MEMS cantilever is presented in Fig. 1 . Mechanical shocks can induce highly dynamic loads on structures, causing cracking, chipping, and fracture problems. Researchers have indicated through experiments the need for robust models to predict and explain the various reported failures in MEMS devices and structures [10] . Beliveau et al. [11] characterized experimentally the response times and linearity of output signals of several commercial accelerometers to shock loads up to 70 kg. Brown et al. [12] , [13] studied MEMS sensors subjected to harsh environments. Tanner et al. [14] tested MEMS microengines against shock pulses of various time durations and amplitudes and observed broken mechanical components, e.g., gear anchor, pin joint, and linkage arm, in their comb-drive actuators. M. Younis et al. [3] presented a Galerkin-based reduced-order model that is capable of accurately capturing the dynamic behavior of micro-cantilevers and clamped-clamped micro-beams under shock pulsing of various amplitudes (low-g and high-g). Avoiding stress concentration by filleting sharp points, lines, and corners is an effective way to prevent fracture.
Corrosion is disintegration of a material into its constituent atoms due to chemical reactions with its surroundings. It can be a contributor to mechanical fracture and is generally categorized into three classes according to its causes: pitting, intergranular, and crevice. In pitting corrosion the localization begins at microscopic heterogeneities such as scratches and inclusion, whereas in crevice corrosion the localized aggressive environment is in a macroscopic crevice [16] . Zhang et al. [17] proved that the maximum sustainable load of a microsized Ni cantilever beam decreases as the time of exposure to a corrosive environment (3.0% NaCl solution at room temperature) increases. They also pointed out that a corrosion-induced fracture first occurs in the range of a notch of a higher tensile stress concentration and exhibits clear evidence of a transcolumnar fracture. Several other factors, such as moisture and temperature, have been found to increase the corrosion rate of some metals, such as Al, and the junctions of dissimilar metals.
Stress corrosion cracking (SCC) is a form of crevice corrosion that occurs on a material in an area of high stress concentration. It has been found that metal structures with severe SCC can appear bright and shiny even while being filled with microscopic cracks, which makes it difficult to detect failure in advance [18] . SCC can also be a concern with silicon because silicon in air is always covered by a thin native oxide layer and results in crack growth when it is under tensile stress. As the crack propagates, the silicon comes closer to the SiO 2 /air Fig. 2 . SCC failure mechanism in silicon substrate when subjected to a tensile strength [18] .
interface, thereby facilitating the oxidation of the silicon deeper into the structure. This process continues until the remaining part of the structure can no longer stand the concentrated stress and it finally fractures. The process is illustrated in Fig. 2 . Additionally, fatigue is one of the main causes of material fracture, especially for metals and alloys. Fatigue-induced failure mechanisms are discussed later in this paper.
Diagnosis of fracture failure can be conducted by visual inspection with an optical microscope, or scanning electron microscope (SEM). A SEM is a type of electron microscope that images a sample by scanning it with a finely-focused, highenergy electron beam in a raster pattern. In conventional SEM imaging, specimens must be electrically conductive at the surface, and electrically grounded to prevent the accumulation of electrostatic charge at the surface. For nonconductive samples, an ultrathin coating of electrically conductive material, e.g., gold, tungsten, graphite, either by sputtering or by evaporation is needed. Characterization of the fracture surfaces using SEM will produce clues about and crack initiation sites and fracture propagation, which are helpful for determining the root cause of a fracture.
III. STICTION
Due to the high ratio of surface area to volume in some MEMS devices, surface forces can play a dominant role relative to volume forces, e.g., gravity, and sometimes cause microscopic structures to stick together when they come into contact. Therefore, stiction is a serious problem for MEMS devices that contain moving parts. The stiction force can be determined by calculating the adhesion energy, which is defined as the energy required separating surfaces once they are in contact [19] . The adhesion energy, E(z), of two perfectly flat surfaces at a separation distance z per unit area due to surface forces can be approximated by [20] 
where c i is a constant for force i depending on the properties of the surfaces and their environment, and n is the power of the interaction ranging from 0 to 2 for different forces. Apart from the highest parts (asperities) on the two surfaces touching each other, the other points also contribute the overall adhesion energy. Hence, we use a distance distribution function h(z) in model to describe the distance between two points located on two surfaces [21] . Given the distance distribution function, we can rewrite the adhesion energy equation by taking into account all contributions of different forces as follows:
A number of experimental techniques have been developed to detect the interactions involved in microstructures. Maboudian [22] reviewed different experimental methods used for examining adhesion and friction at the micrometer scale. Spengen et al. [23] examined the influence of sticking surfaces on the reliability of a MEMS accelerometer. The sources of stiction can be classified into five categories: Van der Waal's adhesion, capillary adhesion, chemical bonding, electrostatic charge, and residual stress [24] . Fig. 3 shows images of different types of stiction that occur in MEMS devices.
A. Van der Waals Force
Van der Waals force is caused by the interaction of atoms or molecules arising from permanent or induced dipoles at surfaces in close contact [26] . For two adjacent closely spaced plates, the Van der Waals force can be described by the following equation:
where D is the distance between the two plates and A is the Hamaker constant (e.g., 1.6 eV for silicon), which is dependent on the permittivity, refractive index and main absorption frequency of the surface materials [27] . Positive Hamaker constant corresponds to an attractive force. The Van der Waals force decreases very fast at distances larger than about 20 nm. On the other hand, when two surfaces get so close that their electronshells are deformed, the repelling forces between atoms will reduce the strength of the Van der Waals force. Therefore, to simplify the calculation, only the inter-atomic distance range, which is between 0.165 nm and 20 nm, is considered [12] . Thus, (2) can be rewritten as [20] :
Minimizing the real contact area and optimizing the surfaceroughness distribution can minimize the Van der Waals force and, thus, the associated stiction. This will be discussed in detail at the end of this section.
B. Capillary Force
The capillary force in MEMS devices can be derived from two sources: in-use processes and manufacturing processes. It is known that monolayers of water exist on almost all surfaces. Although the thin water film formed by the monolayer on surfaces can reduce surface wear by functioning as a lubricant, monolayers are usually unfavorable for MEMS structures, especially those with moving parts, because of the induced capillary force. To make matters worse, most dielectric layers, such as SiO 2 , are hydrophilic in nature, which further contributes to capillary stiction [28] . The second source of capillary adhesion is the manufacturing process. When a device is removed from an aqueous solution after the wet etching of an underlying sacrificial layer during a release process, the liquid meniscus formed on hydrophilic surfaces pulls the microstructure toward the substrate and stiction occurs. This release-stiction problem can be alleviated by dry HF etching or supercritical CO 2 drying.
One interesting finding discovered by Bowden and Tabor [29] is that the adhesion energy due to capillary condensation depends only on the amount of surfaces wetted, and not on how close the surfaces are together in the wetted area. Thus, the equation for the adhesion energy due to capillary forces can be expressed as
in which d cap is the characteristic distance closer than which water will fill all spaces, γ 1 is the surface tension of water, and θ is the contact angle [30] , [31] .
C. Chemical Bonding
Another common contributor to stiction is chemical bonding between contact surfaces [32] . One common example is hydrogen bonding, which is associated with water on surfaces. The first monolayer of water on a surface is chemisorbed to the surface in the form of hydroxyl. Subsequent layers are physisorbed as water. Both molecules have strong dipoles due to the positive charge located in the hydrogen and the negative charge in the oxygen. When surfaces come into contact, the dipoles on either surface create an attractive force. Hydrogen bonding can only occur between molecules with a permanent dipole containing strong electronegative atoms such as oxygen, fluorine, and nitrogen. The hydrogen bonding strength is generally smaller than covalent bonding but larger than Van der Waals bonding. The total adhesive force between the surfaces depends on the Fig. 4 . Parallel-plate model of a typical RF MEMS. Fe is the electrostatic force generated by normal operating voltage V . Fm is the mechanical restoring force due to the deformation of the membrane or cantilever in RF MEMS assuming that the spring constant is k. A bias force F e is generated by the accumulated charge in the dielectric layer due to various reasons. Its direction can be either downward or upward.
number of these bonds, and thus, on the relative humidity as well as the hydrophobicity of the surfaces. The reduction of hydrogen bonding can be accomplished by changing the hydrophobic/hydrophilic nature of the surfaces [33] , [34] .
D. Electrostatic Charging
Stiction can be caused by electrostatic force on two neighboring surfaces with different contact potentials, tribocharging of rubbing surfaces, and ion and/or electron injection and trapping in dielectric layers. Stiction is especially common in electrostatic MEMS devices requiring high operating voltages, such as RF MEMS, whose typical equivalent structure is shown in Fig. 4 .
The operating voltage (typically 20 V-50 V) over a thin dielectric layer can subject the switch to an ultrahigh electric field, where electrons and ions are potentially prone to be injected and trapped inside the dielectric. A bias force is generated by these accumulated charges [35] . When the bias force becomes large enough to overcome the mechanical restoring force of the membrane, it causes the membrane to remain in the down position even after the removal of the operating voltage.
E. Residual Stress
Many MEMS devices need to be released from substrates during the microfabrication process. Residual stress can be introduced in the thin film deposition step through evaporation, sputtering, and chemical vapor deposition (CVD). Residual stress comes into play during the release process (removal of the sacrificial layer). After being released, the microstructures are free to move, deform, or bend, which can cause adjacent surfaces to come into contact, and with the help of the surface forces described above, stiction occurs. An example of the deformation due to residual stress is depicted in Fig. 5 . De Boer [36] - [38] first distinguished two kinds of adhered beams due to residual stress. Yee et al. [39] derived a stiction model on freestanding thin film beams that takes into account the net internal bending moment caused by the residual stress gradient in structural polysilicon.
Adhesion and stiction can be reduced by modifying the structural stiffness, interfacial topography, and surface chemistry characteristics [41] . Merlijn van Spengen et al. [20] reviewed major approaches for preventing stiction in MEMS, including the use of rough surfaces, the use of hydrophobic surfaces, prevention of water from coming in contact with MEMS structures, deposition of an anti-stiction coating, and design of a moving structure that is stiff enough to overcome stiction force. Man et al. demonstrated the elimination of the adhesion of polysilicon microstructures to their substrates by depositing a relatively conformal, 10-20-nm-thick hydrophobic hydrorocarbon (FC) coating formed by plasma polymerization of C 4 F 10 precursor on a field-free zone. The coating was proved very resistant to chemicals, high temperatures, and wear [42] . However, this approach has a drawback, which is that it is challenging to find coating materials that are compatible with the microfabrication processes and packaging techniques. Taii et al. [43] presented a surface treatment technique that effectively avoided both process stiction and in-use stiction of MEMS devices by using vapor HF (hydrofluoric) acid for sacrificial release, UV ozone for oxidation, and vapor HMDS (hexamethyldisilazane) for SAM (self-assembled monolayer) coating of small surface free energy. HMDS-SAM-coated silicon surfaces have been found to have an adhesive strength that is 20% of that between the oxidized silicon surfaces. Another way to combat the stiction problem is to add miniature springs to the edges of movable parts. Van Kessel [44] , as shown in Fig. 6 , has presented a way of depositing alumina whiskers on the edges of the mirror landing tips in order to prevent microstructures . POLY 1 is designed to be suspended over POLY 0 substrate to perform the rotating function. However, malfunctions may occur when POLY 1 sticks to a POLY 0 either during the release process or in usage. Therefore, dimples are designed to prevent the POLY 1 part from touching the POLY 0 substrate. (POLY 1 is the rotor of an electrostatic MEMS motor; the 1st and 2nd OXIDE will be removed to release the structure at the end of the fabrication process) [47] . from contact. Additionally, the use of rough surfaces by altering surface topography [24] , [30] is another option because it reduces the surface energy by reducing the amount of surface area in intimate contact. Adding dimples using reactive ion etching (RIE) on the back side of the to-be-released structures is also a method widely used in the design stage to prevent stiction [45] . An example of the use of dimples in the design stage is presented in Fig. 7 . The idea is to separate the freestanding structures and substrates so that the surfaces of these structures will not reach a distance where the surface adhesion is larger than the restoring force. Lastly, hermetic packaging is a good solution for preventing stiction by keeping the water vapor levels low and preventing capillary condensation. The method of determining the hermeticity of MEMS packaging is specified by MIL-STD-883F, method 1014 [46] .
IV. WEAR
Wear is a phenomenon associated with rubbing or impacting surfaces that can be a concern in MEMS devices with sliding elements. Wear is defined as the removal of material from a solid surface as the result of mechanical action [48] . Fig. 8 shows severe wear that occurs in one location on a friction pad. Based on the failure mechanism, wear can be attributed to four main causes: adhesion, abrasion, corrosion, and surface fatigue. Adhesive wear is caused by one surface pulling fragments off of another surface while sliding due to the surface forces between them. DiBenedetto showed that the volume of a material fractured by adhesive wear is determined by the relationship [48] 
where σ y is the yield strength of the material, k AW is the material dependent wear constant, x is the sliding distance, and F is the load on the material. Experiments show that the adhered length, rest time, temperature, relative humidity, and sliding velocity of a micro-cantilever can affect the adhesion forces between two contacting surfaces, and in turn affect the adhesive wear [49] , [50] .
Abrasive wear occurs when a hard, rough surface slides on top of a softer surface and strips away material from the softer surface. Corrosive wear occurs only when two surfaces chemically interact with one another and the sliding process strips away one of the reaction products. In air, the most dominant corrosive medium is oxygen. This type of wear could cause failure in chemically active MEMS devices, especially microfluidic and biological MEMS. Corrosive wear depends upon the chemical reactions involved, but it can be modeled as [48] 
where h CW is the depth of wear, k CW is the corrosive wear constant (on the order of 10 −4 to 10 −5 ), and x is the sliding distance.
Surface fatigue wear mostly occurs in rolling applications where smooth surfaces are subjected to cyclic loading instead of sliding. Cracks due to material fatigue initiate and propagate parallel to the surface, resulting in up to hundreds of nanometers particles, which is larger than any other wear type [48] . In the failure analysis process, wear debris is sometimes impossible to observe using a conventional optical microscope or SEM because the rubbing surfaces lie below other structures. Therefore, Focused Ion Beam (FIB) has emerged as a valuable tool that produces clean cross sections of an area of interest in MEMS with submicron accuracy. While the SEM uses a focused beam of electrons to image a sample, an FIB instead uses a focused beam of ions (usually gallium). When the high-energy ions strike a sample, they will sputter atoms from the sample surface, and thus, is used as a micromachining tool to cut or modify materials on micrometer or nanometer scale.
Polysilicon, a very commonly used structural material in MEMS, exhibits high friction and poor wear properties at polysilicon-polysilicon interfaces [51] - [55] . It has been demonstrated that humidity is a strong factor in the wear of rubbing surfaces in polysilicon microfabrication. The operation of MEMS in a very low humidity environment can lead to much greater amounts of wear debris than operation at higher humidity [56] , [57] . As wear debris agglomerates, third body wear can be initiated which is often evidenced by scratches on surface. Finally, severe wear that ultimately causes device failure occurs.
A proven way to reduce wear failure is by applying protective interfaces to MEMS structures. Such interfaces include solid films [59] - [73] , some of which are also used as anti-stiction coatings, gas phase lubrication [74] , and combining a bound mono-layer and a mobile phase on the surface [75] . Mayer [68] demonstrated less wear particle generation with a 10-nm thick Al 2 O 3 coating on polysilicon structure via atomic-layer deposition (ALD) than a native oxide layer in a MEMS microengine. Smallwood et al. [76] proposed applying a diamondlike carbon (DLC) coating to protect MEMS structures against wear. Tests have shown that DLC-coated devices that run in air have a sixteen-fold increase in reliability performance over their uncoated counterparts. Bandorf [77] developed a disc setup to investigate the friction and wear of various DLC coatings deposited on substrates of varying hardness. He found that friction and wear were greatly reduced when a substrate of high elastic modulus was used. Guo et al. [78] proposed another category of thin films capable of being fabricated on MEMS surfaces: organic film, such as PFTS (perfluorodecyltrichlorosilane, C 6 F 13 CH 2 SiCl 3 ).
V. FATIGUE AND CREEP
Fatigue is progressive and localized structural damage that occurs when a material is subjected to cyclic loadings that are less than its yield or ultimate tensile stress limit. Therefore, fatigue is mostly limited to active components such as resonating membranes, cantilevers, and comb drives, while passive structures, by design, normally are not exposed to enough mechanical stress cycles to induce fatigue. Fatigue starts with a crack that initiates at an area of high stress concentration and slowly propagates through the material until failure occurs. Muhlstein and Brown [79] and Shrotriya [80] observed significant changes in surface topography in polysilicon during cyclic actuation and attributed it to stress-assisted interactions between water molecules and the SiO 2 layer on the surfaces of the notched specimens in the regions where the cyclic stresses were highest. Tsuchiya et al. [81] reported that no fatigue was observed in silicon when cyclic loading was less than 50% of the silicon fracture strength.
Creep is the inelastic time-dependent deformation of a solid material under the influence of an applied mechanical stress. Creep can occur below the yield strength of a given material. Fig. 9 shows the typical three-stage strain-time relationship of creep. In the primary stage, the strain rate decreases due to work hardening, which refers to the strengthening of a metal by plastic deformation resulting from dislocation movements in the crystal structure of the material. In the secondary stage, the strain-time relationship reaches a minimum and becomes roughly constant as a result of the balance between work hardening and annealing (thermal softening). The characterized creep strain rate typically refers to the rate in this secondary stage. In the tertiary stage, the strain rate exponentially increases with strain due to a reduction in cross-sectional area caused by phenomena such as necking or internal void formation. Tertiary creep is typically followed by separation or fracture of the material by tensile stress, which is referred to as creep rupture. Creep can be a reliability concern for some types of MEMS, such as RF MEMS and Digital Micromirror Devices (DMDs) [82] , [83] , where long hold times at stressed states occur. Sontheimer [84] , [85] attributed what is called the hinge memory phenomenon in DMDs, which refers to mirrors returning to a non-flat state as a result of metal creep of the hinge material even when the bias voltage is removed. Tregilgas [86] reported on the creep effect in aluminum thin films, which often serve as functional structures, such as hinges and joints in MEMS devices. Since the creep effect in aluminium thin films is relatively large for applications where billions of operating cycles are required, alternative materials must be found to replace it. Modlinski [87] - [89] 4 -and found that the creep resistivity of these alloys can be changed by a hardening process in which the grain interior is strengthened by producing extremely small and uniformly dispersed precipitate. They demonstrated that Al 93.5 Cu 4.4 Mg 1.5 Mn 0.6 is the most resistant to long-term deformation and is a very promising bridge material for RF MEMS switches. Another important functioning material is polysilicon. Its plastic deformation under high temperature was studied by Tuck et al. [90] , who developed a micro-test and measured the high temperature plastic deformation within polysilicon. They found that no measurable creep occurred when the temperature was below 1072 K and that the creep rate increases as temperature and stress increase at higher temperatures. In many cases, MEMS structures are usually subjected to stress, either thermally-induced or mechanicallyinduced, before final fracture. X-ray diffraction (XRD) can yield the residual stress in materials by measuring the atomic structure of materials based on observing the scattered intensity of an X-ray beam hitting a sample as a function of incident and scattered angle, polarization, and wavelength.
VI. ELECTRIC SHORT AND OPEN
After decades of improving the reliability of semiconductor devices, electric short failure rates have been reduced to a reasonable range. However, the influence of dielectric properties and behavior on MEMS devices is different from that on semiconductor devices and is still not fully understood. This difference in influence is primarily due to three factors. First, there are various contributors to electric shorts in MEMS, some of which are dielectric degradation, charge injection and accumulation, ohmic contact, and electromigration. Second, the characteristic length scale and electric stress of dielectrics in MEMS are often an order of magnitude or more than in semiconductor devices. The typical lateral dimensions of dielectrics in MEMS are tens to hundreds of micrometers, which is much larger than those in semiconductor devices. Thus, MEMS devices inevitably have a higher probability of introducing defect sites in dielectrics than in semiconductor devices. Third, higher applied voltages in MEMS can also increase the probability of dielectric breakdown. Below we discuss the major causes of electric shorts in MEMS devices. The inspection tools for electric failure include, but are not limited to, probes with electric test equipment such as an ohm meter, photo emission microscopy (PEM), SEM, and X-ray diffraction. PEM provides photoelectron distribution by collecting the electrons originates from the sample when the sample is excited by appropriate radiation, ranging from UV light to X-ray. By comparing a malfunctioning device to a properly operational unit, one can pinpoint the dielectrics that have been damaged by electrostatic discharge.
A. Dielectric Breakdown due to Operational Voltage
The electric field generated by the normal driving voltages of MEMS devices is one cause of electric shorts. Although MEMS devices do not necessarily operate under high voltages, their thin dielectric layer make them experience high electric field. For example, in a typical capacitive RF MEMS, a dielectric of 500 nm with an actuation voltage of 50 V across it will experience an electric field of 1 × 10 8 V/m. Conduction is no longer governed by Ohm's law, but by nonlinear conduction, such as Schottky-type and Poole-Frenkel-type conduction, which is due to charged particle injection and via traps [91] . With such an ultrahigh field strength, the dielectric layer can be broken down, resulting in an electric short. Zafar et al. [92] presented a model for calculating the trapped charge density.
B. Dielectric Breakdown Due to Electrostatic Discharge
Electrostatic discharge (ESD) involves the transfer of electrical charge between two objects at different potentials, either through direct contact or through an induced electric field. ESD can result in a very high current passing through a dielectric material within a very short period of time and cause material breakdown and sometimes burnout, which is the partial or complete melting of a large device area. Despite a great deal of effort during the past decade, ESD still affects production yields, manufacturing costs, product quality, and product reliability. In semiconductor devices, ESD accounts for more than 25% of failures, including gate oxide breakdown, junction spiking, and latch-up [93] . In MEMS devices, where dielectrics play more roles, including sacrificial, structural, optical, masking, passivation, etch stop, insulator, and encapsulation layers, ESD problems in the dielectric are especially destructive [94] - [98] and an important area for improvement of reliability. Common sources of ESD are the human body [99] , charged devices, charged environment, and cosmic rays. A human body routinely develops an electric potential in excess of 1000 V, which can have a catastrophic effect on a MEMS device [100] .
A standard procedure has been established for testing and classifying microcircuits as well as some MEMS devices according to their susceptibility to damage or degradation by exposure to a defined ESD [101] . Olszewski et al. [102] created an experiment to test the effects of ESD with and without moisture on an RF MEMS switch by measuring the changes in the capacitance-voltage curve. If the MEMS devices are designed to operate in an ionizing (nuclear) radiation environment, such as outer space or a nuclear power plant, the possibility of charge accumulation due to radiation in the dielectrics should be taken into account. Knudson and Lee [103] , [104] tested the performance of MEMS accelerometers under nuclear radiation and found that the change in output voltage was caused by charge buildup in dielectric layers beneath the moving mass. McClure [105] proposed a mechanism for creating a charge distribution in the dielectric of the MEMS device exposed to nuclear radiation. Newman et al. [106] presented the contact surface of a wafer-packaged RF MEMS switch damaged by ESD. It exhibits 914 billion switch cycles at 20 kHz with an incident RF frequency of 10 GHz without degradation, which has the longest lifetime of operation ever reported.
Researchers have developed many ways to solve the ESD problem in dielectrics. Low field strengths, trap-free dielectric, and leaky dielectric layers have been proposed as solutions [107] . Wairaven et al. [108] proposed two sets of approaches to solve two classes of problems: manufacturing-related and in-use-related approaches. Some of the ESD precaution and proper handling procedures include leave ESD-sensitive components in their antistatic packaging until ready to be used; dissipate static electricity before handling any ESD-sensitive components by touching a grounded metal object, such as an unpainted metal chassis; use wrist straps and floor mats or other antistatic devices to prevent possible ESD from damaging the components.
C. Electric Failure Due to Ohmic Contact
Electric failures are prone to occur at ohmic contacts that are the interfaces of two different conductive materials with different Fermi levels. As two contacts come together, only the highest peaks touch and are subject to a full current load, which causes a sudden rise in temperature and a "melt-down" of those peaks. Contact resistance at an interface can be calculated by the following equation [109] :
where R c is the contact resistance, ρ e is the electrical resistivity, a is the average contact asperity radius, n is the number of asperities per unit area, and D is the diameter of the area over which the contacts are distributed. Once the temperature at an interface caused by Joule heating reaches a high enough level, the contact material will melt, usually causing severe problems in MEMS, such as superheating of the surrounding air and its ionization, arcing, material transfer, or welding [110] . Other causes of ohmic contact failure include surface contamination, erosion, and surface changes due to absorption or oxidation.
The quality of ohmic contact can be represented by contact resistance. Kwon et al. [111] studied the electrical behavior and lifetime of RF MEMS contact switches made of Au, Pt, Ir, and AuPt alloys at different contact forces and current conditions and found that Au-to-Pt, Pt-to-Pt, and Au-to-Ir are alternative materials that can enhance the reliability of high-power RF MEMS switches. Dickrell [112] investigated the contact resistance degradation of a hot-switched low-force Au-Pt contact using a modified nano-indentation apparatus and found that the contact resistance increased by two orders of magnitude over the initial resistance in only 5 to 10 cycles, indicating that the electrical contact surface was being contaminated in situ. Recently, low-loss ohmic switches have been created through by fabricating dimples on one of the electrodes during deposition [113] . It is believed that a more even distribution of the electrostatic force across the plate can result in uniform pressure over the contact area, yielding lower contact resistance. Gaddi et al. [114] proposed an approach for achieving low-loss contacts with a standard surface micromachining technology. Ducarouge et al. [115] have demonstrated a power RF MEMS device capable of handling 3.8 W at 20 GHz by carefully designing the contact line. Sputter cleaning of the surface prior to deposition along with deposition of Ni as a first layer can provide for much improved ohmic contact stability and homogeneity [116] .
VII. CONTAMINATION
Many MEMS devices rely on the movement of mechanical components to perform their designated functions. However, the introduction of unintended materials, which is called contamination, can render the device inoperable. Contamination can be introduced from various sources, including manufacturing processes such as surface cleaning, metal deposition, patterning, releasing, and annealing; dusty in-use operation environments where foreign particles penetrate through MEMS packages; and intrinsic problems such as crystal growth, e.g., tin whiskers. Fig. 10 shows a MEMS actuator after being subjected to high mechanical shocks. A particle contaminant was found close to a comb-finger actuator, which resulted in an electric short. In most cases, contamination has been attributed to the energetic decomposition of existing contaminant species into highly resistive compounds [117] , [118] .
Contamination can affect the mechanical aspect of a MEMS device by blocking moving parts. Contamination can also result in electric degradation and failure, including limiting of the frequency response of high-frequency devices due to the increasing RC time constant, power dissipation via Joule heating, electromigration, and delamination at contact areas [119] . All these effects lead to limitations on the lifetimes and to failures of MEMS devices.
Contaminants either become wedged between MEMS components or rest on top of surfaces. Hence, contaminationinduced failure is not difficult to identify, as particles are relatively easy to diagnose using optical microscopes and SEM or FIB once the device is decapsulated and the MEMS component is exposed. Yet, precautions must be taken during the decapsulation process. Tabata and Tsuchiya [120] have shown that contaminants can be easily detected using an interferome- Fig. 10 . Particle contamination was found within the actuator region of a microengine subjected to a high shock top impact. Notice that the contact between the particle, stationary comb fingers, and the shuttle resulted in electric short of the drive signal to the ground plane [14] . (Courtesy of Sandia National Laboratories).
ter, and dust particles that are greater than 0.3 μm in diameter can be prevented from entering a MEMS pressure sensor by using a dust collector at the edge of the package. In many cased, contaminants are induced via poor packages with voids or cracks. A scanning acoustic microscope (SAM) is useful for detecting lid seal integrity in hermetically sealed packages. It is a nondestructive technique which directs focused sound from a transducer at a small point on an object of interest, measures "time of flight" of the sound, and determines the object's geometry and microstructure of its surface. For identifying contaminants, Energy Dispersive X-ray Spectrometer (EDS) is a useful instrument which is commonly used in conjunction with the SEM. It allows users to measure compositional gradients, element concentrations or distributions at microstructural level, and thus, to identify contaminants and failure sites.
VIII. CONCLUSION
The ability to quantify the reliability of MEMS devices for anticipated use conditions is vital for their successful commercialization. Quantification can be achieved only if engineers have a clear understanding of failure mechanisms and underlying physics of MEMS products. This paper summarized failure mechanisms that have been identified in MEMS devices, their physical root causes, their effects on device behavior and functionality, as well as test methods and inspection techniques. Additionally, various approaches to improve MEMS reliability are covered, including creep prevention through the use of creep-resistant materials for moving structural parts, wear prevention through the deposition of a lubricant layer, stiction prevention through the fabrication of dimples and whiskers, fracture prevention through filleting sharp lines and corners, and contamination-induced failure prevention via better hermetic sealing.
MEMS engineers have borrowed many tools and methods from IC fabrication to test MEMS devices. However, due to the nature of MEMS interaction with the environment, and their electromechanical complications, identification potential failure sites and mechanisms is still a labor-intensive work. Fortunately, most MEMS devices, regardless of function and application, share basic components (e.g., membrane, cantilever) that exhibit common failure mechanisms (e.g., fatigue, stiction). Therefore, understanding those mechanisms provides a foundation for the lifetime models and field requirementbased test guidance that help MEMS engineers design against possible failures and test MEMS more efficiently.
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